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Abstract
The gaugino propagator is calculated by explicitly considering the propagation of a heterotic
string between two different points in space-time using the non-trivial world-sheet conformal field
theory for the fivebrane background. We find that there are no propagations of gaugino which is
in the spinor representation of the non-trivial four-dimensional space of the fivebrane background.
This result is consistent with the arguments on the fermion zero-modes of the fivebrane background
in the low-energy heterotic supergravity theory. Furthermore, assuming the continuous limit to
the flat space-time background at the place far away from the fivebrane, we suggest an effective
propagator which is effective only at the place far away from the fivebrane in the flat space-time
limit. From the effective propagator we evaluate a possible gaugino pair condensation. The result
is consistent with the suggested scenario of the gaugino condensation in the fivebrane background
in the low-energy heterotic supergravity theory.
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I. INTRODUCTION
The quantum effect of gravity might be important in particle physics. For example, it
was suggested that the supersymmetry can be spontaneously and dynamically broken by
the gravitino pair condensation in non-trivial space-time backgrounds[1, 2]. It is interesting
that this mechanism seems rather model independent in comparison with other mechanisms
in field theory without gravity. Further investigation of this possibility requires a consistent
theory of quantum gravity. Although string theory is a strong candidate of it, the dynamics
of the fermion states in string theories has not yet been extensively studied. Especially,
there are very few works about the fermion dynamics based on the framework of the string
world-sheet theory. In this paper we discuss the dynamics of the gaugino in the fivebrane
background of heterotic string theory using the technique of the world-sheet conformal field
theory.
The fivebrane background is a non-trivial background of space-time metric and fields
in heterotic and type II string theories[3, 4, 5]. The half of the original supersymme-
try is broken, and the space-time Lorentz symmetry reduces to SO(5, 1) from SO(9, 1) ⊃
SO(5, 1)×SO(4) by the fivebrane background. An interesting fact is that some special five-
brane backgrounds can be described by world-sheet conformal field theories as the solutions
of string theories[6, 7]. We calculate the gaugino propagator in the fivebrane background
of heterotic string theory perturbatively with respect to the string coupling without any
low-energy approximations by using the world-sheet conformal field theory.
If we have a fermion propagator, or more precisely a fermion two point function, in some
non-trivial backgrounds of the space-time metric and gauge fields, it may be possible to
obtain a value of the fermion pair condensate which can be an order parameter of some
symmetry breaking. For example, in Euclidean SU(N) gauge theory with one massless
vector-like fermion in the fundamental representation of SU(N), the zero-instanton sector
in the path integral of the fermion two-point function gives Euclidean propagator, and
the one-instanton sector gives the value of the fermion pair condensate which triggers chiral
symmetry breaking. Therefore, it is interesting to investigate the fermion two point function
in non-trivial backgrounds.
The number of fermion zero-modes in the non-trivial four-dimensional space of fivebrane
backgrounds in low-energy supergravity theories is well-known[5]. In the fivebrane back-
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ground of heterotic string theory, there are two independent fermion zero-modes, and all
three fermions, gaugino, gravitino and dilatino, have the zero-mode components[8]. If we
believe the path integral formalism of the supergravity theory, this number means the gaug-
ino pair condensation and no propagations of gaugino which is in the SO(4) (local Lorentz)
spinor representation in the non-trivial four-dimensional space of the fivebrane background.
The paper is organized as follows. In the next section we give a brief review of the
fivebrane background in the heterotic string theory. The world-sheet conformal field theory
for the fivebrane background is introduced. In Sec.III the gaugino propagator is calculated.
The point boundary state which couple with a single gaugino state is introduced. The
gaugino propagator is nothing but the transition amplitude between point boundary states
of different places in space-time by the propagator operator in the world-sheet conformal
field theory. The method of the calculation is the same in Ref.[9]. In Sec.IV we discuss the
limit of the fivebrane background to the flat space-time background at the place far away
from the fivebrane. Based on the discussion, we suggest an effective gaugino propagator
which continuously reduces to the ten-dimensional free propagator in the flat space-time
limit. The effective propagator is effective only the place far away from the fivebrane. By
using this effective propagator the gaugino pair condensation at the place far away from the
fivebrane is calculated. In the last section we summarize our results.
II. FIVEBRANE BACKGROUND IN HETEROTIC STRING THEORY
The fivebrane background (or the NS5-brane) is a Bogomol’nyi-Prasad-Sommerfield
(BPS) configuration which preserves half of the supersymmetry of the theory. In the het-
erotic supergravity theory, which is the low-energy effective theory of the heterotic string
theory, the space-time metric and dilaton configuration of the fivebrane background (an
NS5-brane at the origin) is explicitly given by
gab = e
2Φδab, gµ¯ν¯ = ηµ¯ν¯ , (1)
e2Φ = e2Φ0 +
nα′
r2
, (2)
where a = 1, 2, 3, 4 is the index of the non-trivial four-dimensional space, r2 = xaxa is the
square of the distance from the fivebrane, and n is some integer. We use µ = 0, 1, · · · , 9
as the index of the whole ten-dimensional space-time, and use µ¯ = 0, 1, · · · , 5 as the index
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of the flat six-dimensional Minkowski space-time in the whole ten-dimensional space-time.
The geometry of the space-time is M6 × R × S3 with varying radius of S3 from √nα′ to
infinity along with the value of the coordinate r from 0 to∞. The background configuration
of the B-field strength and gauge field is
Habc = −ǫabcd∂dΦ, (3)
AIa = 2η¯
I
ab∂
bΦ, (4)
where η¯Iab is the ’t Hooft η symbol and I is the index of the adjoint representation of SU(2)
which is embedded in the original gauge group of the heterotic string theory (SO(32) in this
paper). This solution in the low-energy supergravity theory is considered to be exact in the
heterotic string theory. The world-sheet conformal field theory for these backgrounds can be
explicitly constructed in case of e2Φ0 = 0. In this case the space-time geometry isM6×W (4)k ,
where W
(4)
k is the four-dimensional group manifold of SU(2)k×U(1) with Kacˇ-Moody level
k. The geometry of W
(4)
k is again R × S3, but the radius of S3 is fixed with
√
nα′ = α′/Q,
where Q ≡√α′/(k + 2).
In case of the flat space-time the world-sheet theory of heterotic string theory consists of
ten free boson fields Xµ(z, z¯), ten free fermion fields ψ˜µ(z¯) and thirty-two free fermion fields
λA(z), where A = 1, 2, · · · , 32. This system has (N, N˜) = (0, 1) superconformal symmetry
with the central charges of cm = 10+36/2 = 26 and c˜m = 10+10/2 = 15 which are cancelled
by the ghost contributions of cg = −26 (bc-ghost contribution) and c˜g = −26 + 11 = −15
(bc and βγ-ghost contributions). The non-trivial background M6 ×W (4)k can be described
by replacing unconstrained fields Xµ of µ = 6, 7, 8, 9 by the fields constrained on the group
manifold of SU(2)k×U(1). Namely, the part of the world-sheet theory corresponding to the
space-time coordinates of µ = 6, 7, 8, 9 is replaced by the combination of the SU(2)k Wess-
Zumino-Witten (WZW) model and the linear-dilaton theory. The new part has (N, N˜) =
(4, 4) superconformal symmetry, and has the same central charge of the original part: c4Dm =
c˜4Dm = 6, where we treat the fields λ
A of A = 29, 30, 31, 32 as if they are superpartners of
holomorphic boson fields.
The holomorphic sector of new SU(2)k×U(1) part is described by three SU(2)k bosonic
currents Ji(z) (i = 1, 2, 3), one free bosonic current J4(z) = ∂X
µ=6 and four free fermionic
fields Λa ≡ λ28+a. These currents and fields satisfy the following operator product expansion.
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(We set α′ = 2 from now on in this section, for simplicity.)
Ji(z)Jj(z
′) ∼ −k
2
δij
(z − z′)2 + ǫijl
Jl
z − z′ , (5)
J4(z)J4(z
′) ∼ − 1
(z − z′)2 , (6)
Λa(z)Λb(z
′) ∼ − δab
z − z′ . (7)
The N = 4 superconformal symmetry transformation is generated by the following energy-
momentum tensor TW
(4)
k (z), supercurrents G
W
(4)
k
a (z) and SU(2)n currents Si(z).
TW
(4)
k = −1
2
(
2
k + 2
J2i + J
2
4 − Λa∂Λa +Q∂J4
)
, (8)
G
W
(4)
k
i =
√
2
k + 2
(
JiΛ4 − ǫijlJjΛl + 1
2
ǫijlΛ4ΛjΛl
)
− J4Λi −Q∂Λi, (9)
G
W
(4)
k
4 =
√
2
k + 2
(
JiΛi +
1
3!
ǫijlΛiΛjΛl
)
+ J4Λ4 +Q∂Λ4, (10)
Si =
1
2
(
Λ4Λi +
1
2
ǫijlΛjΛl
)
. (11)
The background charge Q determines the gradient of the linear-dilaton background Φ =
QXµ=6. The world-sheet field Xµ=6(z, z¯) is called the Feigin-Fuchs field, and the theory of
this field is called the linear-dilaton theory. The value Q =
√
α′/(k + 2) =
√
2/(k + 2) is
required to have the correct central charge of c4Dm = 6, and the Kacˇ-Moody level n of SU(2)n
is fixed to unity due to the relation of n = c4Dm /6. The anti-holomorphic sector has exactly
the same structure, except for that the fermion fields Λa are replaced by Ψ˜a ≡ ψ˜5+a.
The world-sheet theory of the M6 part consists of six free boson fields X µ¯(z, z¯), six free
fermion fields ψ˜µ¯(z¯) and twenty-eight free fermion fields λA¯(z), where A¯ = 1, 2, · · · , 28. In
the holomorphic sector the energy-momentum tenor TM
6
(z) is
TM
6
= −1
2
∂X µ¯∂Xµ¯ +
1
2
λA¯∂λA¯. (12)
In the anti-holomorphic sector the energy-momentum tenor and supercurrent are
T˜M
6
= −1
2
∂¯X µ¯∂¯Xµ¯ +
1
2
ψ˜µ¯∂¯ψ˜µ¯, (13)
G˜M
6
= ψ˜µ¯∂¯Xµ¯, (14)
respectively. The M6 part has (N, N˜) = (0, 1) superconformal symmetry. The whole world-
sheet theory has (N, N˜) = (0, 1) superconformal symmetry, and we take T = TM
6
+TW
(4)
k +
5
T g, T˜ = T˜M
6
+ T˜W
(4)
k + T˜ g and G˜ = G˜M
6
+ G˜
W
(4)
k
4 + G˜
g as the currents of that symmetry,
where
T g = (∂b) c− 2∂ (bc) , (15)
T˜ g = (∂¯b˜)c˜− 2∂¯(b˜c˜) + (∂¯β˜)γ˜ − 3
2
∂¯(β˜γ˜), (16)
G˜g = −1
2
(∂¯β˜)c˜+
3
2
∂¯(β˜c˜)− 2b˜γ˜ (17)
are ghost contributions. The super-Virasoro generators Ln, L˜n (n ∈ Z) and G˜r (r ∈ Z+1/2
in Neveu-Schwarz sector and r ∈ Z in Ramond sector) are defined by
Ln =
∮
dz
2πiz
zn+2 T (z), (18)
L˜n = −
∮
dz¯
2πiz¯
z¯n+2 T˜ (z¯), (19)
G˜r = −
∮
dz¯
2πiz¯
z¯r+3/2 G˜(z¯). (20)
The explicit form of L0, L˜0 and G˜0 for holomorphic Neveu-Schwarz and anti-holomorphic
Ramond sector (NS-R˜ sector) will be used in the next section.
The modular invariant partition function, or the one-loop vacuum amplitude, is explicitly
given in Ref.[7] for even k. We consider k as some even number from now on. One important
fact is that in addition to the usual universal Gliozzi-Scherk-Olive (GSO) projection, the
additional GSO projection is required for the modular invariance. The half breaking of the
space-time supersymmetry by the fivebrane background is realized by the additional GSO
projection in the world-sheet theory.
The additional GSO projection of the fivebrane background in SO(32) heterotic string
theory also realizes the gauge symmetry breaking SO(32) → SO(28)×SO(4). The gauge
boson state is
λA−1/2λ
B
−1/2|0〉NS ⊗ ψ˜µ−1/2|0〉N˜S, (21)
where λA−1/2 and ψ˜
µ
−1/2 are creation operators in NS and N˜S sectors. In case that the world-
sheet boson part of the state has equal SU(2)k spins of the holomorphic and anti-holomorphic
sectors, the additional GSO projection is nothing but the projection by the four-dimensional
world-sheet fermion number. There are two four-dimensional world-sheet fermion numbers
for each holomorphic and anti-holomorphic sector, F and F˜ , and F + F˜ should be even
in the additional GSO projection. For even F˜ , µ = 0, 1, · · · , 5 in Eq.(21), then F should
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be even, and A and B should take A,B = 1, 2, · · · , 28 or A,B = 29, 30, 31, 32 in Eq.(21),
corresponding to the gauge bosons of SO(28) and SO(4) in six-dimensional space-time,
respectively. In case of µ = 6, 7, 8, 9, namely F˜ is odd, F should be odd, and A = 1, 2, · · · , 28
and B = 29, 30, 31, 32 in Eq.(21). These states correspond to four six-dimensional matter
scalar fields in (28, 4) representation of SO(28)×SO(4).
The gaugino state is
λA−1/2λ
B
−1/2|0〉NS ⊗ |s+〉R˜, (22)
where s+ denotes the ten-dimensional spin state with even ten-dimensional chirality which
is required by the universal GSO projection. In case of the four-dimensional chirality of s+ is
even (six-dimensional chirality is also even), namely F˜ is even, A and B should take A,B =
1, 2, · · · , 28 or A,B = 29, 30, 31, 32 in Eq.(22) for even F . These states are corresponding
to two six-dimensional gauginos of SO(28) and SO(4), respectively. In case of the four-
dimensional chirality of s+ is odd (six-dimensional chirality is also odd), namely F˜ is odd,
A = 1, 2, · · · , 28 and B = 29, 30, 31, 32 in Eq.(22) for odd F . These states are corresponding
to two six-dimensional matter fermion fields in (28, 4) representation of SO(28)×SO(4). All
these six-dimensional fermion states of Eq.(22) form six-dimensional N = 2 supermultiplets
with the boson states of Eq.(21). It is easy to check that other states, graviton, gravitino,
dilaton and dilatino states, also form supermultiplets in six-dimensional N = 2 supergravity
theory [10].
III. GAUGINO PROPAGATOR IN FIVEBRANE BACKGROUND
The propagator in the heterotic string theory can be calculated as the transition ampli-
tude between two appropriate boundary states by the propagator operator in the world-
sheet conformal field theory [11, 12, 13]. This propagator can include some off-shell
information[11]. In order to obtain the propagator in the field theory limit (not the low-
energy limit), the point boundary state, which describes the state of the closed string shrink-
ing to a point in space-time, should be used. We introduce the following point boundary
state for the gaugino propagator in the fivebrane background.
|B(y, s)〉AB = |BM6X (yµ¯)〉 ⊗ |BFF(y6)〉 ⊗ |C〉 ⊗ |ψs〉AB, (23)
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where each factor corresponds to the contribution of the bosons ofM6 part, the Feigin-Fucks
field, the boson part of SU(2)k WZW model and all the fermions, respectively. The explicit
form of the first three factors is given in Ref.[9]. Here we just notice that yµ¯ specifies a
point in six-dimensional Minkowski space-time, y6 specifies a point in the seventh space in
Q→∞ limit and |C〉 describes the state of the closed string shrinking to the north pole of
S3 of radius α′/Q. The explicit form of the contribution of fermion fields is given by
|ψs〉A¯B¯ = λA¯−1/2λB¯−1/2|0〉NS ⊗ |s〉R˜, (24)
|ψs〉AˆBˆ = λAˆ−1/2λBˆ−1/2|0〉NS ⊗ |s〉R˜, (25)
where A¯ = 1, 2, · · · , 28 and Aˆ = 29, 30, 31, 32, corresponding to SO(28) and SO(4) gauginos,
respectively. Both ten and six dimensional chirality of these states are even.
The propagator is obtained by explicitly calculate
P (A
′B′)(AB)(ψs′ , ψs, y
′ − y) = A′B′〈B(y′, s′)|D|B(y, s)〉AB, (26)
where A denotes A¯ or Aˆ and D is the propagator operator for NS-R˜ sector:
D =
α′
4π
1
2
∫
|z|≤1
d2z
1
|z|2 G˜0z
L0 z¯L˜0 . (27)
The calculation is straightforward (see Ref.[9]) and the result is the following.
P (A
′B′)(AB) (ψs′ , ψs, y
′ − y) = −i
√
α′
2
1√
2
(
δA
′AδB
′B − δA′BδB′A
)
·
∫
d7q
(2π)7
eiqρ˜(y
′−y)ρ˜ψ¯s′
(
qσ˜Γ
σ˜ +
Q
α′
1
3!
iǫijkΓ
iΓjΓk
)
ψs
·
∞∑
NX=0
d(NX)
k∑
l=0
∞∑
m=−∞
(2(k + 2)m+ l + 1)
√
2
k + 2
sin
(
π
l + 1
k + 2
)
· 1
qλ˜qλ˜ +
(
Q
α′
)2
+M2NX +
4
α′
((k + 2)m2 + (l + 1)m)
, (28)
where Γµ is the ten-dimensional Gamma matrix, ρ˜, σ˜, λ˜ = 0, 1, · · · , 6 and i, j, k = 1, 2, 3 with
Γi ≡ Γ6+i. The mass M2NX = 4NX/α′ depends on the bosonic level NX and d(NX) is the
degeneracy of the open string state with the bosonic level NX and zero fermionic level. Since
we are interested in the gaugino propagation, we set NX = 0 in the following. Furthermore,
since the ten-dimensional space-time interpretation of this world-sheet theory is possible
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only in large k limit, we take large k limit. The result in the momentum space is very simple
(the over all normalization is changed).
P (A
′B′)(AB)(ψs′ , ψs, q) =
1√
2
(δA
′AδB
′B − δA′BδB′A)ψ¯s′
qµˆΓµˆ +
Q
α′
1
3!
iǫijkΓ
iΓjΓk
qµˆqµˆ + (Q/α′)2
ψs. (29)
We have no momenta in S3 space, since we did not introduce a specific point in that space.
We fixed the string at the north pole of S3, but the absolute place of the north pole could not
be fixed under the SU(2)k symmetry. As a result, the propagation in S
3 is not incorporated
[20]. The mass (Q/α′)2 comes from the non-trivial torsion of the fivebrane background[14].
Now we consider the additional GSO projection. As discussed in the end of the pre-
vious section, the additional GSO projection is nothing but the six-dimensional chirality
projection. The additional GSO projection requires to take ψs and ψs′ satisfying
1 + γ7
2
ψs = ψs, ψ¯s′
1− γ7
2
= ψ¯s′, (30)
where γ7 ≡ Γ0Γ1 · · ·Γ5. Then the propagator becomes
P (A
′B′)(AB)(ψs′, ψs, q) =
1√
2
(δA
′AδB
′B − δA′BδB′A)ψ¯s′ q
µ¯Γµ¯
qµˆqµˆ + (Q/α′)2
ψs. (31)
Note that there are no propagators of the gaugino in SO(4) (local Lorentz) spinor represen-
tations with Γµ of µ = 6, 7, 8, 9 in the numerator. This is consistent with the arguments
in low-energy effective theory. There are two SO(4) spinor zero-modes in non-trivial four-
dimensional space in the fivebrane background in the low-energy supergravity theory[8],
and there should be no SO(4) spinor propagations, if we believe the path integral formalism
of supergravity theories. The instanton configuration in the non-trivial four dimensional
space of the fivebrane background is not the one which indicates the instanton effect (the
tunnelling effect between topologically non-trivial vacua), but the real configuration in four-
dimensional Euclidean space. Therefore, the path integral in non-trivial four-dimensional
space includes only “one instanton sector” without “zero instanton sector” and results no
gaugino propagator.
We should keep in mind that the calculation in this section is in the lowest order of the
string perturbation theory. Since the value of the string coupling gs ∝ eΦ becomes large at
the place of the fivebrane (see Eq.(2) with e2Φ0 = 0), the obtained propagator is effective
only far away from the fivebrane (say r > α′/Q).
9
IV. POSSIBLE GAUGINO CONDENSATION IN FIVEBRANE BACKGROUND
Since the gaugino condensation is an off-shell effect, there are no standard techniques to
calculate it in string theory. One of the possible strategy is to extract the information of the
pair condensation from the propagator which includes some off-shell effect. This strategy is
rather familiar in the field theory. For example, consider the quark propagator in QCD in
four-dimensional space-time (though confinement might result no propagators of quarks).
A typical form of the propagator is
F.T.〈0|Tqq¯|0〉 = ip
µγµ + Σ(p
2)
p2 − Σ(p2)2 , (32)
where F.T. means Fourier transformation and Σ(p2) is a function of p2. Even though the
quark is massless at the tree-level, the non-perturbative effect gives a non-trivial function
of Σ(p2) and gives the constituent mass to the quark. The quark pair condensation can be
roughly evaluated as
〈0|q¯q|0〉 ≃ −tr
∫
d4p
(2π)4
F.T.〈0|Tqq¯|0〉 = −
∫
d4p
(2π)4
4iΣ(p2)
p2 − Σ(p2)2 . (33)
The asymptotic freedom of the gauge interaction gives a finite value of the condensation. It
is easy to see that the condensation like 〈0|q¯γµq|0〉 vanishes.
If we naively apply this strategy to the gaugino propagator of Eq.(31), we have no con-
densations. This is consistent with the observation that there are no gaugino condensations
in six-dimensions. The propagator can not be used to calculate the gaugino condensation
in non-trivial four-dimensional space, since the method of the world-sheet conformal field
theory with the additional GSO projection is not appropriate to describe the dynamics in
non-trivial four-dimensional space. The string states which are selected by the additional
GSO projection can be understood as the states in the supermultiplets in six-dimensional
N = 2 supergravity theory, but they can not be understood as the fields in four-dimensional
space. This fact causes some difficulty to understand the physics in the flat space-time limit:
k → ∞ or Q → 0. (Note that we have to go to infinitely far away from the place of the
fivebrane to keep the perturbation on the string coupling effective. See Eq.(2) with e2Φ0 = 0
and the relation
√
nα′ = α′/Q. This is the strong coupling limit in view of the whole theory.)
The flat space-time limit of the propagator of Eq.(31) does not coincide with the propa-
gator in the flat ten-dimensional space-time. Because of the additional GSO projection, the
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half of the original states remain to be projected out. The same happens in the partition
function in Ref.[7]. The partition function in the flat space-time limit is the half of the one
in the flat space-time. These facts imply that the flat space-time limit do not give the het-
erotic string theory in flat space-time. This is due to the topological nature of the fivebrane
background.
On the other hand, in the low-energy effective supergravity theory, all the non-trivial
field configurations reduce to the trivial ones in the flat space-time limit at the place far
away from the fivebrane. The local world-sheet dynamics also continuously reduces to the
one in the flat space-time, since the world-sheet energy-momentum tensor and supercurrent
continuously reduce to the one in the flat space-time. Therefore, it is natural to consider
that the physics continuously reduces to the one in the flat space-time at least locally at the
place far away from the fivebrane.
If this observation is correct, the effective propagator, which is effective only far away
from the fivebrane, can be identified to the propagator of Eq.(29) without additional GSO
projection. We can recover the spectrum in flat space-time by leaving off the additional
GSO projection. The global property of the fivebrane background is neglected, and only the
local world-sheet dynamics remains. Recovering the momentum in S3 which now has very
large radius,
P
(A′B′)(AB)
eff (q) =
1√
2
(δA
′AδB
′B − δA′BδB′A)q
µΓµ +
Q
α′
1
3!
iǫijkΓ
iΓjΓk
qµqµ + (Q/α′)2
. (34)
This propagator continuously reduces to the one in flat space-time in Q→ 0 limit.
Now we can calculate the gaugino pair condensation. Following the strategy which has
been explained in the beginning of this section, we have
〈λ¯ABΓλAB〉 ≃ −
∫
d10q
(2π)10
tr
(
ΓP
(AB)(AB)
eff (q)
)
, (35)
where Γ is some products of Γ-matrices. The calculation is straightforward, and we have
only one possible gaugino condensation:
〈λ¯ABΓ7Γ8Γ9λAB〉 = −496× 32× Vol(S
9)
(2π)10
· Q
8α′5
, (36)
where the first factor comes from the contraction of the gauge group indices, the second fac-
tor comes from the trace of the Γ-matrix, and Vol(S9) is the volume of the nine-dimensional
unit sphere. We have set the ultraviolet cut off 1/
√
α′ which is the natural cut off scale
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in the low-energy effective theory. This result is consistent with the scenario of the gaug-
ino condensation which is suggested in Refs.[8, 15, 16]. The Lagrangian of the heterotic
supergravity theory[17] contains a term
Lhetero ⊃ − 1
6κ2
ee−2Φ
(
Hµνρ − κ
2
16
λ¯ABΓµνρλ
AB
)2
, (37)
where κ ∝ α′2 determines the gravitational scale in ten dimensions. In the fivebrane back-
groundH has the non-trivial value of Eq.(3). Therefore, the composite operator λ¯ABΓµνρλ
AB
could be expected to condense for which the term of Eq.(37) vanishes for the vanishing cos-
mological constant. In the coordinate system of the present string world-sheet theory, only
non-zero value of H is H789 = Q/α
′. Therefore, the condensation of Eq.(36) is totally
consistent with this scenario.
This gaugino condensation may act an important role in the half supersymmetry breaking
by the fivebrane background. In low-energy effective theory, we know the half supersym-
metry breaking by the fact that the fivebrane background configuration is invariant under
only the half of the original supersymmetry transformations. In the algebraic point of view,
the partial supersymmetry breaking must be accompanied by the central charge in the su-
persymmetry algebra[18, 19]. It is well known that the central charge is induced by the
topologically non-trivial configuration of the boson fields in space-time. There may be an-
other contribution to the central charge through the quantum effect like the Konishi anomaly
which gives a gaugino bilinear term in the supersymmetry transformation of some composite
operators. There might be a possibility that the bilinear term of the gaugino (and also of
the gravitino and dilatino) appears in the supersymmetry algebra in heterotic supergravity
theory, and its condensation gives a contribution to the central charge for the half supersym-
metry breaking by the fivebrane background (I would like to thank S.-J. Rey for pointing
out this possibility).
V. SUMMARY
In string theory it is difficult to obtain the off-shell information, like the fermion pair
condensation. The fermion propagator which may contain some information about the
fermion pair condensation, can be concretely calculated by several methods in string theory,
though no methods for the non-perturbative calculation are available. Since the fermion
12
pair condensation is expected to be a non-perturbative effect, it seems impossible to treat it
in string theories. But we know the instanton calculus in gauge theories in which the values
of the condensates of fermion composite operators can be perturbatively calculated by the
path integral in instanton backgrounds. The existence of the instanton configurations as
classical solutions is itself has a non-perturbative meaning, and the non-perturbative effect
is incorporated by the semi-classical approximation. It is expected that the similar situation
is realized in the string propagator in non-trivial backgrounds.
Some non-trivial backgrounds in string theories are exactly described by using the world-
sheet conformal field theory, and the propagators can be calculated perturbatively. The
fivebrane background in the heterotic string theory is one of such background configura-
tions, and the gaugino pair condensation in the non-trivial four-dimensional subspace of
the space-time (and also the gravitino and dilatino pair condensations) is expected by the
analysis in the low-energy supergravity theory. We calculated the gaugino propagator in the
fivebrane background, and found no propagation of the gaugino in SO(4) (local Lorentz)
spinor representation. Although this result is consistent with the arguments about the
fermion zero-modes in the low-energy supergravity theory, we can not obtain the value of
the gaugino condensate. The rigorous formulation for the fivebrane background allows to
describe the dynamics only in six-dimensional space-time.
Based on the observation that in the flat space-time limit, k → ∞, the physics at the
place far away from the fivebrane should continuously reduce to the one in the flat space-
time, we suggested that the effective propagator at the place far away from the fivebrane
is just the calculated propagator without the additional GSO projection. By using this
effective propagator, we evaluated a possible gaugino pair condensate. The result is perfectly
consistent with the suggested scenario of the gaugino condensation in low-energy effective
supergravity theory.
The meaning and role of this condensation are unknown. One possibility is that the
condensation contributes the central charge in the supersymmetry algebra in ten-dimensions.
The central charge is required to realize the half supersymmetry breaking by the fivebrane.
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